Increased sensitivity of the Limulus amoebocyte lysate (LAL) assay for the detection of endotoxin was attained by the reconstitution of commercially available LAL reagent with a magnesium-containing solution. As little as 2 to 6 pg (0.002 to 0.006 ng) of Escherichia coli 0127:B8 endotoxin per ml was detected, an increase in sensitivity of 10 to 30 times. The optimum magnesium concentration range for the LAL reagent used and the optimum pH range were approximately 50 to 65 mM and pH 6.0 to 8.0, respectively. Reconstitution of five commercially available brands of LAL with a solution containing magnesium resulted in greater assay sensitivity than the identical LAL reconstituted with pyrogen-free water. Use of LAL reconstituted with a solution containing magnesium is crucial for the assay of some parenteral products, wherein increased sensitivity is essential to meet the requirement for the maximum valid dilution criteria. The mode of action of magnesium for enhanced sensitivity of LAL has been postulated.
Since the initial description of the interaction of endotoxin with Limulus amoebocyte lysate (LAL) (8) , the methodology has become a useful tool in rapidly, yet precisely, quantifying endotoxin in medical devices and pharmaceutical preparations (2, 9, 24) . However, application of the LAL technique for the detection of endotoxin small-volume parenteral preparations is hindered by assay interference from active ingredients or vehicle, necessitating sample dilution to remove the interference (4, 29) . Since the resulting dilution factor must be incorporated into the calculation of endotoxin levels, an LAL of increased sensitivity is desirable for such products requiring significant dilution. In some products, particularly steroids, the required dilution of product is so extensive that an LAL of increased sensitivity is crucial to meet the maximum valid dilution criteria (29) . The proposed federal guideline states that intrathecal products must be tested with an LAL having a sensitivity of 0.01 ng/ml or better. Increased endotoxin detection is also desirable for clinical application (6, 10, 19) and for detection of a very small number of gram-negative microorganisms (28) .
LAL sensitivity to endotoxin is increased approximately 20-to 30-fold when lyophilized LAL is reconstituted with depyrogenated natural seawater (31) . Similar studies in our laboratory with lyophilized Pyrotell (Associates of Cape Cod, Woods Hole, Mass.) have confirmed this finding. Studies were initiated to identify the component(s) present in natural seawater which is responsible for the increase in LAL sensitivity.
MATERIALS AND METHODS Commercially available synthetic sea salt preparations (Forty Fathoms from Marine Enterprises, Towson, Md.; Instant Ocean and Synthetic Sea Salts, both from Aquarium Systems, Inc., Eastlake, Ohio) were reconstituted according to the directions of the respective manufacturer with pyrogen-free water. A sodium chloride solution, analytical reagent grade from Mallinckrodt (St. Louis, Mo.), was similarly prepared at a concentration of 459 mM. Natural seawater was provided by the Associates of Cape Cod, Woods Hole, Mass.
To depyrogenate the seawater and other solutions, activated carbon (Darco G-60 from ICI, United States Inc., Wilmington, Del.), 10% (vol/vol), was added to each solution. The solutions were autoclaved for 60 min and then filtered through a 0.22->tm, type GS, Millipore filter (Millipore Corp., Bedford, Mass.) into pyrogen-free vessels. A solution of 4 ng of Escherichia coli endotoxin per ml has been depyrogenated by this procedure to contain less than 0.04 ng of endotoxin per ml, the detection limit of the LAL used.
Depyrogenated solutions were used to reconstitute the lyophilized LAL reagent. The LAL sensitivity was determined as the lowest endotoxin concentration that exhibited a firm gel by the procedure of Wachtel and Tsuji (32 (Table 2) . Thus, it was concluded that the component(s) of interest was present in the macroelement portion.
The macroelement portion was determined by X-ray fluorescence spectrometry (Ortec X-ray fluorescence analyzer, model 6110, Oakridge, Tenn.) to contain bromine, calcium, iron, magnesium, potassium, and strontium, in addition to sodium. Analytical-reagent-grade sodium chloride, which did not increase the LAL sensitivity, contained trace quantities of calcium and iron, in addition to sodium.
Solutions of bromine, calcium, potassium, and magnesium were prepared at the approximate concentrations of 1, 10, 10, and 50 mM, respectively, and depyrogenated as described previously. These molar concentrations reflect the approximate concentration of each constituent present in natural seawater. Each solution was used in reconstituting LAL, and the respective sensitivities were determined as described above.
Only the LAL reconstituted with depyrogenated commercial sea salt and the LAL reconstituted with the magnesium chloride solution exhibited identical LAL sensitivities (Table 3 A 25 mM magnesium concentration slightly increased the detection sensitivity of LAL (Fig.  1) . However, by increasing the magnesium concentration to the 50 to 60 mM range, it has been possible to detect as low as 2 to 6 pg (0.002 to 0.006 ng) of E. coli endotoxin per ml with a gelation endpoint assay method. This increased picogram sensitivity is required to meet the maximum valid dilution criteria (29) for assay of some parenteral products.
Applications of the picogram-sensitive LAL gelation endpoint assay method for parenteral drug monitoring. Unlike large-volume parenterals, the majority of small-volume parenteral products contain high concentrations of pharmacologically active drugs. A drug concentration of 300 to 500 mg/ml is not uncommon. Many of these potent drugs interfere with the physiology of rabbits; thus, small-volume parenteral products tested by the USP Pyrogen Test must be (29, 30) . Likewise, some drugs interfere with the LAL method, necessitating dilution or other modification to eliminate interference (4, 29) . The magnitude of dilution that is required to eliminate interference for some of the small-volume parenteral products is shown in Table 5 . The LAL must be capable of reliably detecting as low as 0.005 ng of endotoxin per ml to compensate for the existing dilution requirement for a product containing hydrocortisone (Table 5) , for example, and still meet the maximum valid dilution criteria (29) . Only the LAL reagent containing magnesium can meet the requirement. Elimination of the potentiating effect of calcium in calcium gluconate by use of an LAL reagent containing magnesium has been reported (21) .
Mode of action of magnesium. According to the reported mechanism of the LAL assay, endotoxin activates a proenzyme-enzyme cascading reaction resulting in activation of coagulase (15, 25) . Coagulase hydrolyzes coagulogen, a clottable heat-stable protein (23, 26) , at arginine-glycine and arginine-threonine linkages, resulting in the removal of the peptide-C chain to form a gel (coagulin) (27) . Magnesium may increase the LAL sensitivity by: (i) acting at the initial endotoxin recognition phase by modifying the size of endotoxin for easier recognition by LAL, (ii) accelerating the rate of proenzymeenzyme cascading reaction, or (iii) contributing to the formation of a firmer gel by strongly bridging gel micelles, or all three.
These hypotheses were examined by the following experiments. (i) Possible change in the particle size of endotoxin by aggregate and micellar formation by the addition of magnesium was investigated with photon correlation spectroscopy with an argon ion, laser light scattering system and fourier transformation of data (Malvemn Instrument Co., Malvern, United Kingdom). The data indicated that the E. coli (0127:B8) endotoxin has a particle size diameter of 0.125 ,m. This value agreed well with the size determined by use of an electron microscope (25) . The particle size of endotoxin increased by 23 to 28% by the addition of magnesium. The binding of Ca2+ or Mg2' or both with endotoxin to yield a highly aggregated physical state is well established (11, 16, 18, 25, 33) .
This apparent increase in the aggregated particle size of endotoxin by the formation of salt with magnesium could be a prerequisite for stronger interaction with LAL to trigger and greatly accelerate the rate of the proenzymeenzyme cascading reaction of LAL. To test this hypothesis, a raw LAL, with and without the additional magnesium, was reacted with endotoxin. This raw LAL contains no protein stabilizer. After 5 min of incubation, the reaction was stopped by the addition of an equal volume of 9 M urea solution. The raw lysate used in this experiment requires 75 min of incubation to obtain firm gelation, whereas a regular LAL reagent clots within approximately 30 min of incubation. The polypeptides in the LAL were chromatographically separated by use of twodimensional polyacrylamide gel electrophoresis (ISO-DALT system) (1) and were visualized by the silver-based color staining system (17) . If with aggregated endotoxin formed by magnesium, changes in the polypeptide composition between the LALs, with or without magnesium, would have been observed during the early stage of incubation.
Two polypeptides (one with a molecular weight of 60,000 to 80,000 and an isoelectric point of approximately 5.5 to 6.0 and the other with a molecular weight of approximately 20,000 and an isoelectric point of 6.5) present in the LAL sample without the additional magnesium completely disappeared in the LAL containing magnesium within the first 5 min of incubation (Fig. 2) . The significance of these two polypeptides on the mechanism of LAL is not known. Nevertheless, involvement of magnesium with the aggregated state of endotoxin which is required for ease of triggering the LAL reaction or with enhancement of an early phase of the LAL cascading reaction or both may not be discounted. Further study is being planned to elucidate the correlation between the particle size of endotoxin and an endotoxin recognition mechanism by LAL.
(ii) To determine whether the formation of firm gel by magnesium after liberation of the peptide-C chain from coagulogen is the key to the increased LAL gelation endpoint assay sensitivity, coagulogen was substituted with a chromogenic substrate (benzoyl-Ile-Glu-Gly-Arg-pnitroaniline) obtained from Microbiological Associates for spectrophotometric endpoint determination (5) . Even though the coagulogen, and hence gelation formation, was not involved in the reaction, a 10-fold increase in the sensitivity of LAL was obtained by the addition of 50 mM magnesium (Fig. 3) . Thus, the formation of firm gel may not be the primary mode of action of magnesium for increased sensitivity of LAL.
(iii) The effect of magnesium acting as a metallic cofactor to catalyze the rate of the proenzyme-enzyme cascading reaction to yield a greater quantity of coagulase was investigated as a possible mechanism of action of magnesium for increased sensitivity of LAL. Incubation time of endotoxin with an LAL reagent containing the chromogenic compound was extended from 8 to 20 min to increase the quantity of coagulase being formed.
Extending the incubation time, and hence increasing the quantity of coagulase, made the ability of the LAL containing no magnesium to detect a smaller quantity of endotoxin (from 0.13 to 0.025 ng/ml) comparable to the sensitivity of the LAL containing magnesium (Fig. 4) . It may, the LAL to detect a smaller quantity of endotoxin. The postulated mechanism of action of magnesium is illustrated in Fig. 5 .
